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The experimental realization of this conceptually simple phenomenon imposes stringent requirements on the excitons. First, the excitons should exhibit excellent spectral and spatial uniformity and coherence, since any disorder and non-radiative losses would suppress the interference 34 . Moreover, the excitons must be confined to a layer that is much thinner than the exciton wavelength, and their in-plane momenta should be conserved throughout the process.
Transition metal dichalcogenide (TMD) monolayers, a class of atomically thin direct-bandgap semiconductors, provide a platform for realizing the exciton-over-mirror system that meets many of these requirements. In particular, TMD monolayers encapsulated between two insulating hexagonal boron nitride (hBN) layers host delocalized excitons whose radiative decay rate can be much larger than non-radiative decay or pure dephasing rates [34] [35] [36] [37] . Moreover, unlike many optical emitters whose optical transition dipole moments are free to rotate within their spontaneous emission lifetimes 29, 30 , excitons in TMD monolayers exhibit dipole orientations that are fixed within the 2D plane 38 . Finally, when these heterostructures are suspended over a substrate, the spatial inhomogeneity problem that often hampers the on-substrate heterostructure 39, 40 can be resolved, thus removing an important roadblock for preparing excitons coherent over micron length scales (see below). (dashed lines in Fig. 1c ), the regions suspended over a trench exhibit spatially homogeneous spectra in which all the PL peaks overlap within the linewidth (~1.5 meV in our devices) over the entire region (solid lines in Fig. 1c ). We note that the suspended heterostructures exhibit improved spatial homogeneity whether there are graphene gates or not (Extended Data Fig. 1 ). This observation suggests that the suspension reduces spatial inhomogeneity both by decoupling excitons from surface charge puddles 39, 40 and by relieving the localized strain variations within the heterostructure 45 .
We next realize a TMD heterostructure suspended above a metallic substrate by first depositing a gold layer inside the trench before transferring a heterostructure over it. The metal layer functions both as a mirror and as a local electromechanical gate. We apply a voltage (VB) between the mirror and the bottom graphene layer to control their separation (z), as shown in Fig. 2a . The application of VB produces an attractive force that reduces z. A compensating gate voltage can be applied between the top graphene and the TMD monolayer to avoid the TMD monolayer from being electrostatically doped with free charge carriers.
Figures 2b and 2c display spatial images of spectrally integrated PL for an encapsulated MoSe2 device, D1, measured at two different VB. In this device, the trench depth is slightly larger than half the wavelength of the excitonic transition. The PL intensity from the region suspended above gold (enclosed by the dashed line, a 10 µm 2 area) decreases dramatically as we change VB from 0 V to -150 V, whereas the intensity from the on-substrate region remains the same. Figures 2d and   2e show the PL spectra as a function of VB, collected from the suspended region: the integrated PL intensity decreases by a factor of ~10 with increasing |VB| despite the fact that the overall absorption of the device at 660-nm excitation is reduced by only ~10% (Extended Data Fig. 2 ).
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Remarkably, the total linewidth of the exciton peak decreases from 2.0 meV to 1.0 meV in the same VB range while the exciton energy redshifts by ~4 meV (Fig. 2e) .
The absolute reflectance spectra of D1 exhibit a similar trend (Figs. 3a and 3b ). At VB = 0V, the reflectance spectrum exhibits a strong dip due to the neutral exciton absorption. Applying a larger magnitude of |VB| results in diminished absorption as well as much narrower linewidth. We note that the reflectance spectra in Fig. 3a feature only one dip associated with the neutral exciton X0, signifying that the MoSe2 monolayer remains intrinsic over the entire VB range 41, 44, 46 . This To gain a more quantitative insight, we model the total reflectance of our device using a master equation describing the exciton dynamics combined with a transfer matrix approach that takes into account multiple reflections at the material interfaces (see SI and Ref. 34) . From each spectrum at a given VB, we first determine the distance z using the reflectance far away from the exciton 6 resonance. As shown in Fig. 3c , the estimated z(VB) exhibits excellent agreement with a finite element simulation of the electromechanical response of the system, reaching a maximum deflection of the heterostructure of ~22 nm at VB = -100 V. Next, by applying our master equation
to the entire spectrum (solid lines in Fig. 3b ), we estimate the parameters that determine the exciton dynamics, including the exciton energy, the radiative (γr), nonradiative (γnr), and pure dephasing (γd) rates at each VB (Fig. 3d ). Whereas the shift in the exciton energy originates from the reduction of the MoSe2 bandgap induced by the strain 47 (Extended Data Figs. 3-5), the narrowing of the exciton linewidth is mainly due to the modification of the local electromagnetic environment.
Specifically, the observed change in the total linewidth is dominated by a change in the radiative rate, which varies by one order of magnitude from ~2.3 meV to 0.24 meV, as the distance z decreases. The intrinsic vacuum radiative decay rate (γr 0 ) obtained from our fit agrees with reported values 34, [48] [49] [50] . However, γr 0 exhibits a VB dependence in our fit, albeit weak, which is not expected.
Moreover, below VB = -100V, the measured background reflection exceeds the maximum reflection expected from the model. These failures of the model may arise from factors not explicitly accounted for in our simple model, which include the curving of the heterostructure membrane as well as uncertainty in the exact values of the materials' dielectric functions (e.g. gate dependent refractive index of graphene).
Because our suspended heterostructure exhibits an intrinsic mechanical resonance, we can perform optical measurements while driving the membrane's mechanical motion with an AC voltage. First, we characterize the motion of the heterostructure via interferometry using an offresonant continuous-wave laser while varying the frequency of the AC drive to the metal gate. The device D2 presented in Fig. 4a exhibits a fundamental mechanical resonance frequency f = 17.97
MHz with a quality factor Q of ~650 when it is driven by a 0.5 V peak-to-peak AC voltage applied to the bottom mirror. In this device where the entire heterostructure is held by the van der Waals 7 attraction to the substrate alone, the value of Q decreases with increasing driving AC voltage amplitude, indicating nonlinearity of the electromechanical response of this compound system (Extended Data Fig. 6 ).
The maximum deflection of the heterostructure under resonant AC drive can be much larger (by a factor of Q) than that under DC drive with the same voltage amplitude. Thus, we can utilize the mechanical resonance to induce a more significant change in the radiative properties of excitonpolaritons. Figure 4b shows the time-resolved PL emission intensity from D2 under various driving frequencies with a 10 V peak-to-peak AC voltage. When the driving frequency is resonant with the fundamental mechanical mode of the suspended heterostructure, we realize more than 50% modulation of the PL intensity, compared to less than 5% change in PL intensity with the DC voltage of equivalent amplitude (5 V). Similarly, the reflectance spectra from the heterostructure exhibits a significant temporal modulation under resonant AC drive: the absolute reflectance at the exciton resonance changes by more than 70% (Fig. 4c) . From the time-dependent reflectance spectra, we estimate that the maximum deflection of the membrane is 14 nm, and the radiative linewidth is modulated by ~60% during the mechanical oscillation (Extended Data Fig. 6 ). Importantly, the system naturally exhibits both dispersive and dissipative optomechanical coupling, whose relative strength can be tuned by the distance between the heterostructure and the mirror. Dissipative coupling may enable ground-state cooling and quantum limited-position detection even when the quantized mechanical sideband is not resolved 52, 53 Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.
